Sequestration of Plasmodium falciparum parasites within the placenta often leads to an accumulation of macrophages within the intervillous space and increased production of tumor necrosis factor alpha (TNF-␣), a cytokine associated with placental pathology and poor pregnancy outcomes. P. falciparum glycosylphosphatidylinositol (GPI) anchors have been shown to be the major parasite component that induces TNF-␣ production by monocytes and macrophages. Antibodies against P. falciparum GPI (anti-PfGPI), however, can inhibit the induction of TNF-␣ and inflammation. Thus, the study was undertaken to determine whether anti-PfGPI antibodies down-regulate inflammatory-type changes in the placentas of women with malaria. Anti-PfGPI immunoglobulin M (IgM) and IgG levels were measured in 380 pregnant women with or without placental malaria, including those who delivered prematurely and at term. Results showed that anti-PfGPI antibody levels increased with gravidity and age and that malaria infection boosted anti-PfGPI antibodies in pregnant women. However, no association was found between anti-PfGPI antibodies and placental TNF-␣ levels or the presence of acute or chronic placental malaria. Furthermore, anti-PfGPI antibody levels were similar in women with preterm and full-term deliveries and were not associated with an increase in infant birth weight. Thus, these results fail to support a strong role for anti-PfGPI antibodies in the prevention of chronic placental malaria infections and malaria-associated poor birth outcomes.
Plasmodium falciparum infection during pregnancy can have detrimental consequences for both the mother and the fetus. Pathology associated with malaria during pregnancy is due in part to the ability of the parasite to render infected erythrocytes adhesive to host receptors expressed within the placenta, resulting in sequestration of parasitized erythrocytes in the intervillous space (IVS) (2) . One of the consequences of parasite sequestration in the placenta is the increased migration and recruitment of monocytes and macrophages to the IVS (21, 37) . Monocytes and macrophages isolated in the IVS of malaria-infected women secreted significantly higher levels of tumor necrosis factor alpha (TNF-␣) and several ␤-chemokines in vitro than similar cells isolated from the IVS of uninfected women (37) . Such findings emphasize the role of maternal blood cells, particularly macrophages, as important sources of inflammatory mediators during placental malaria infection (37) .
Although inflammatory cytokines are beneficial in controlling and eliminating parasites (29, 42) , excessive concentrations of these cytokines, particularly TNF-␣, play a significant role in exacerbating clinical symptoms (22, 27) as well as influencing placental pathogenesis and pregnancy outcome (13, 31) . Experimental studies have shown that Plasmodium vinckei infection in pregnant mice increases serum TNF-␣ levels that are associated with fetal death and abortions (9) . Recently, we reported that malaria-infected women who had preterm deliveries (PTD) possessed significantly higher placental TNF-␣ concentrations than malaria-infected women who delivered at term and uninfected women with PTD (38) . Thus, identifying parasite factors that lead to excessive production of TNF-␣ in pregnant women is important.
Malaria toxins released during schizogony have been shown to stimulate TNF-␣ and nitric oxide production by macrophages (30, 41) and are considered to be important for the development of malaria-related pathology. Purification and chemical analysis of components in an extract of asexual-stage parasites has identified the parasites' glycosylphosphatidylinositol (GPI) anchors as the main TNF-␣-inducing malaria toxin (33) . Parasite GPIs can initiate signal transduction cascades in various host cells, notably macrophages (32, 39, 40) , leading to the secretion of TNF-␣ and nitric oxide (40, 43) . Moreover, P. falciparum GPIs elicit strong host responses by up-regulating the expression of adhesion molecules on endothelial cells, thereby increasing the cytoadherence of trafficking leukocytes and malaria-infected erythrocytes (35) .
Interestingly, the administration of antibodies specific to P. falciparum GPIs (anti-PfGPI antibodies) in mice prevents the induction of both interleukin-1␤ and TNF-␣ (34), suggesting that anti-PfGPI antibodies may ameliorate some of the clinical symptoms of malaria. There is mounting evidence that elevated levels of anti-PfGPI antibodies can confer protection against clinical episodes of malaria in humans (24) . Experiments with rodents also demonstrate that a GPI-based antitoxic vaccine protects against several malaria complications such as acidosis, pulmonary edema, and even death (36) , causing optimism that a similar GPI-based vaccine can also be developed for humans. Since high numbers of parasites sequester in the placenta, it is likely that large amounts of GPI are released during schizogony that could activate macrophages to secrete TNF-␣. However, if anti-PfGPI immunoglobulin G (IgG) antibodies are present, they might aid in controlling the level of inflammation in the IVS of the placenta. Thus, the goal of the present study was to determine the prevalence of antiPfGPI IgM and IgG antibodies in pregnant women and whether they correlated with placental TNF-␣ concentrations and the risk of low-birth-weight (LBW) babies or PTD.
MATERIALS AND METHODS
Subjects and study design. Women residing in the capital city of Yaoundé who delivered at the Biyem-Assi Hospital between August 1996 and August 1997 and at Central Hospital from September 1997 to August 2001 were consecutively recruited as part of a comprehensive immunological study on placental malaria and its effects on pregnancy outcome. The purpose of the study was explained to each subject by a member of the hospital staff, and only after obtaining informed verbal consent was a woman enrolled. A questionnaire was used to record maternal age, gravidity, and use of antimalarial drugs during pregnancy. After delivery, information about the newborn was recorded. Infants born between the 28th and 37th weeks of gestation were considered premature. In addition, 42 nonpregnant, malaria-negative women living in Yaoundé were enrolled for comparison. The study was approved by the Institutional Review Board, Georgetown University, and the National Ethical Committee, Cameroon.
Among the entire group of pregnant women recruited, 66 women had PTD. To compare PTD with full-term deliveries (FTD), a representative group of 314 women with FTD was selected for comparison by frequency matching with respect to placental malaria infection. A description of the 380 women in this study is provided in Table 1 . The majority of these women were included in previous studies that evaluated the effect of malaria on changes of leukocyte distribution, chemokine and cytokine secretion in the placenta (37) , and cytokine changes in the placentas of women with PTD and FTD (38) . Since these data were reported previously, they are not repeated herein.
Collection and analysis of placental samples. Immediately following delivery, a sample of heparinized maternal peripheral blood as well as a sample of placental blood was collected (37) . A biopsy sample of placental tissue (2 cm by 2 cm by 2 cm) was collected; a portion was used to prepare impression smears for parasitological analysis, and another biopsy sample was fixed in 10% neutral buffered formalin for histology. Peripheral and placental blood smears and impression smears of placental tissues were prepared, stained, and examined for the presence of malaria parasites. Percentages of parasitemia were determined based on peripheral blood and impression smears. Based on the presence or absence of parasites in placental impression and blood smears and/or histological sections, women were considered to be either positive or negative for placental malaria at the time of delivery. Plasma was collected from maternal peripheral and placental blood samples and cryopreserved until used.
Determining TNF-␣ concentrations in placental plasma. TNF-␣ levels in placental plasma were determined by using an OptEIA enzyme-linked immunosorbent assay kit (BD Pharmingen, San Diego, Calif.) with an assay sensitivity of 5 pg of TNF-␣/ml. Since the purpose of the study was to determine whether anti-PfGPI antibodies reduced TNF-␣ levels in the IVS of the placenta, placental, rather than peripheral, plasma was used in the assay. In general, cytokines exert their effects locally, and previous studies have shown that for women with placental malaria, cytokine levels are higher in the placental blood than in the peripheral blood (18) .
Histopathology. Histological studies were conducted with placental tissues that had been fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned, and stained with hematoxylin-eosin. All sample slides were coded and read by two individuals who were blind to the study conditions. Based on the system of classification developed by Bulmer and colleagues (8), women were classified as being uninfected, having an active malaria infection, having an active chronic infection, or having had a past infection based on the presence and localization of P. falciparum-infected erythrocytes and/or hemozoin pigment within histological tissue sections (8) .
Measurement of anti-PfGPI IgM and IgG antibodies in peripheral plasma. Anti-PfGPI IgM and IgG antibodies were measured in peripheral plasma since peripheral blood constantly supplies antibodies to the IVS, where they can neutralize the toxic effects of parasite GPIs. Placental plasma was not used in this part of the study because parasite antigens in placental blood samples can form immune complexes that would affect the results. Previous studies have found no significant difference in antibody levels to other malarial antigens in peripheral and placental sera (28) .
P. falciparum GPI was purified by high-performance liquid chromatography as described previously (24) . Purified GPI was dissolved in methanol and was coated at 2 ng/well into flat-bottomed 96-well microtiter plates (Maxisorp, Nunc, Denmark). The plates were incubated overnight at 37°C, washed once with phosphate-buffered saline (pH 7.2) with 0.05% Tween 20 (the washing buffer used throughout), and blocked with Tris-buffered saline (pH 7.4) containing 0.5% casein. After a 1-h incubation at 37°C, the plates were washed three times. Plasma samples were diluted 1:100 in diluting buffer (Tris-buffered saline with 0.5% casein and 0.05% Tween 20), and 50 l was added to each well. The plates were incubated at 37°C for 1 h and then washed five times. Diluted conjugates (horseradish peroxidase-conjugated anti-human IgM from Southern Biotech, Birmingham, Ala., and horseradish peroxidase-conjugated anti-human IgG from KPL, Inc., Gaithersburg, Md.) were applied, incubated for 1 h at 37°C, and washed. Peroxidase substrate (ABTS Microwell; BioFX Laboratories, Inc., Owings Mills, Md.) was added, and plates were incubated for 30 min. Optical densities (ODs) were read at 450 nm. A sample that was previously determined to have high antibody levels to P. falciparum GPI was used as a positive control. Pooled plasma from individuals not exposed to malaria was used as the negative control. Samples were considered to be anti-PfGPI IgM or IgG positive if the ODs were greater than the mean ϩ 2 standard deviations of the negative controls.
Statistical analyses. Pearson's 2 test was employed for univariate, betweengroup comparisons of binomial variables (e.g., chemoprophylaxis use during 
RESULTS
Women included in the study. A total of 42 nonpregnant and 203 pregnant malaria-negative women and 177 pregnant women with placental malaria were evaluated (Table 1) . Mean ages were similar among the three groups of women. Consistent with previous studies, median parasitemias were greater in the placenta than in peripheral blood (P Ͻ 0.0001). Those with placental malaria were more likely to be primigravidae (P ϭ 0.027) and to deliver babies with lower mean birth weights than those without placental malaria (P Ͻ 0.0001) ( Table 1) . Clearly, placental malaria had a negative impact on pregnancy outcome.
Anti-PfGPI antibodies in nonpregnant and pregnant women. The prevalence of anti-PfGPI IgM was significantly lower in pregnant malaria-negative women than in nonpregnant malaria-negative women (P Ͻ 0.0001) ( Table 2 ). The concentrations of anti-PfGPI IgM antibodies were also lower among pregnant women, with the difference being borderline significant (P ϭ 0.068) (Fig. 1A) . No significant difference in either the prevalence or the amount of anti-PfGPI IgG antibodies was found between nonpregnant and pregnant women who were malaria negative (Table 1 and Fig. 1B) .
Among pregnant women, the prevalence of anti-PfGPI IgG, but not IgM, antibodies was higher in women with placental malaria than in those without (98% versus 83%, respectively; 2 ϭ 19.14, P Ͻ 0.0001) ( Table 2 ). The concentrations of both anti-PfGPI IgM and IgG antibodies were also significantly higher in women with placental malaria (P ϭ 0.005 for both) (Fig. 1) . Furthermore, a low yet statistically significant positive correlation was observed between placental parasite densities and levels of anti-PfGPI IgM (Spearman's ϭ 0.18, P ϭ 0.002) and anti-PfGPI IgG (Spearman's ϭ 0.15, P ϭ 0.005). These results demonstrate that the presence of placental P. falciparum parasites was associated with an increase in the production of anti-PfGPI IgM and IgG antibodies in pregnant women.
Anti-PfGPI IgM and IgG antibodies increase with gravidity and age. In Yaoundé, being primigravida and Յ20 years of age are risk factors for placental malaria (44) . Thus, the influence of gravidity and age on anti-PfGPI antibodies was investigated. Analysis of the serological results from secundigravidae revealed they did not differ significantly from those of multigravid women. Thus, secundigravidae were included in the multigravid group. The prevalences of anti-PfGPI IgM antibodies were similar in malaria-negative primigravidae and multigravidae ( 2 ϭ 2.36, P ϭ 0.12), but the prevalence of anti-PfGPI IgG antibodies was significantly higher in multigravid women (86% for multigravidae versus 73% for primigravidae; 2 ϭ 4.38, P ϭ 0.036) ( Table 2 ). In addition, the levels of both anti-PfGPI IgM and IgG antibodies were significantly higher for multigravidae than for primigravidae among malaria-negative women (IgM medians, 0.082 versus 0.059, respectively [P ϭ 0.035]; IgG medians, 0.181 versus 0.064, respectively [P ϭ 0.010]) (Fig. 2) . Thus, in malaria-negative women, the prevalence and amount of anti-PfGPI IgG and the amount of IgM antibodies were significantly higher among multigravidae. However, among women with placental malaria, neither the prevalence nor levels of anti-PfGPI IgM and IgG differed significantly between primigravidae and multigravidae (Table 2 and Fig. 2) .
No significant difference in the prevalence of anti-PfGPI IgM antibodies was found in women Յ20 years and those Ͼ20 (Table 2) , and anti-PfGPI IgM levels did not differ significantly between the two groups (medians, 0.099 versus 0.078, respectively; P ϭ 0.150). Further analysis found no association between anti-PfGPI IgM antibodies and age (Spearman's ϭ Ϫ0.017, P ϭ 0.77). These results, however, contrast with those for anti-PfGPI IgG. Although the prevalences of anti-PfGPI IgG antibodies were similar (P ϭ 0.63) ( Table 2) , among antibody-positive women, those who were Ͼ20 years of age possessed significantly higher levels of anti-PfGPI IgG than women Յ20 years old (medians, 0.195 versus 0.102, respectively; P ϭ 0.018). In addition, a low yet statistically significant correlation between age and the level of anti-PfGPI IgG antibodies was found (Spearman's ϭ 0.10, P ϭ 0.044). Thus, among pregnant women, anti-PfGPI levels were significantly higher in both multigravidae and women Ͼ20 years of age.
Lack of correlation between anti-PfGPI antibodies, TNF-␣, and stage of placental malaria infection. Since levels of anti-
PfGPI IgG antibodies were significantly higher in multigravidae and anti-PfGPI antibodies can counteract the ability of P. falciparum to stimulate the induction of TNF-␣ (4, 34), the potential role of anti-PfGPI antibodies in regulating placental TNF-␣ concentrations was investigated. Results are summarized in Fig. 3 . No significant correlation was found between TNF-␣ levels in placental plasma and either anti-PfGPI IgM antibodies (Spearman's ϭ 0.08, P ϭ 0.31) (Fig. 3A) or antiPfGPI IgG antibodies (Spearman's ϭ 0.10, P ϭ 0.14) (Fig.  3B) . Although anti-PfGPI IgM levels were higher in women with acute placental infections than in women without placental infections (P ϭ 0.013) (Fig. 4A) , no significant association between anti-PfGPI IgG levels and the presence of acute, chronic, or past placental malarial infections was observed (Fig. 4B) . Taken together, these results show that anti-PfGPI IgM and IgG antibodies do not have a significant impact on FIG. 1. Anti-PfGPI antibody levels in malaria-negative, nonpregnant women and in pregnant women without and with placental malaria (Mal Ϫ and Mal ϩ, respectively). Anti-PfGPI IgM (A) and IgG (B) levels were measured in the peripheral plasma, and results from antibody-positive women are displayed in box plots. The horizontal line within each box represents the median OD value, with the upper and lower vertical bars indicating the 90th and 10th percentiles, respectively. Anti-PfGPI IgM and IgG levels were significantly elevated in women with placental malaria compared to those without placental malaria. The Wilcoxon rank sum test was used for between-group comparisons.
FIG. 2. Comparison of anti-PfGPI IgM and
IgG levels between primigravidae (Primi) and multigravidae (Multi). Anti-PfGPI IgM (A) and IgG (B) levels in peripheral plasma of primigravidae and multigravidae, with or without placental malaria (Mal ϩ and Mal Ϫ, respectively), are displayed in box plots. The horizontal line within each box represents the median OD value, with the upper and lower vertical bars indicating the 90th and 10th percentiles, respectively. Both anti-PfGPI IgM and IgG levels were significantly lower in malaria-negative primigravidae than in malaria-negative multigravidae. The Wilcoxon rank sum test was employed for between-group comparisons.
placental TNF-␣ levels or modulate the inflammatory response in the placentas of Cameroonian women.
Anti-PfGPI antibodies and birth outcomes. In Yaoundé, placental malaria is a significant risk factor for PTD and LBW infants in primigravidae but not in multigravidae. Thus, in this part of the study, only data from primigravidae were used in the analysis. Results showed that anti-PfGPI IgM and IgG antibody levels were similar between women with LBW and normal-birth-weight infants (IgM medians, 0.192 versus 0.126, respectively [P ϭ 0.49]; IgG medians, 0.151 versus 0.175, respectively [P ϭ 0.72]). No significant correlation was found between infant birth weight and levels of either anti-PfGPI IgM (Spearman's ϭ Ϫ0.027, P ϭ 0.84) or anti-PfGPI IgG (Spearman's ϭ Ϫ0.034, P ϭ 0.52). Although malaria-infected women with FTD had higher levels of anti-PfGPI IgM and IgG than women with PTD, the difference was not statistically significant (IgM medians, 0.176 versus 0.143, respectively [P ϭ 0.77]; IgG medians, 0.216 versus 0.189, respectively [P ϭ 0.57]). There was also no significant correlation between the number of weeks of gestation and the level of anti-PfGPI IgM or anti-PfGPI IgG antibodies (Spearman's ϭ Ϫ0.023, P ϭ 0.81, and Spearman's ϭ Ϫ0.014, P ϭ 0.85, respectively).
A logistic regression model was used to simultaneously examine the effects of maternal age, gravidity, presence of placental malaria, birth weight outcome, and gestational age on the levels of anti-PfGPI IgM and IgG antibodies in all the pregnant women studied. Only the presence of placental malaria remained significantly associated with anti-PfGPI IgM levels (P ϭ 0.002), and maternal age and placental malaria were significantly associated with the levels of anti-PfGPI IgG antibodies (P ϭ 0.004 and 0.030, respectively) after adjusting for other covariates. (15) . Once an individual becomes infected, however, the severity of symptoms is largely dependent on the virulence of the parasite strain(s) and the extent of the host's inflammatory response (1, 16) . A role for P. falciparum GPI anchors in malaria pathogenesis has been reported previously (14, 33) , as these molecules are able to elicit proinflammatory immune responses through the induction of TNF-␣ from host monocytes and macrophages (43) . Anti-PfGPI antibodies have been associated with protection against clinical malaria in children, most likely through antidisease immunity (24) . Malaria symptoms are more frequent and severe during pregnancy (7, 11) . An increase in the number of macrophages migrating to the IVS of the placenta during malaria infection has been linked to PTD (21) . These cells are a significant source of TNF-␣ in the placenta (37) , and elevated levels of TNF-␣ have been observed in malaria-infected women with PTD (38) . Since anti-PfGPI antibodies can neutralize the induction of TNF-␣ in macrophages in vitro (4, 34) , it was hypothesized that high levels of anti-PfGPI antibodies in pregnant women might correlate with decreased levels of TNF-␣ within the placenta and that in turn would be associated with improved pregnancy outcomes. However, in the present study, no significant correlation was found between the concentrations of circulating anti-PfGPI antibodies and placental TNF-␣ concentrations. Anti-PfGPI antibody levels also did not differ in women for whom there was no histological evidence of having placental malaria during pregnancy, women with chronic infections, and women who had cleared their infections (Fig.  4) . The only exception was the elevated levels of anti-PfGPI IgM in women with acute placental malaria infections (Fig.  4A) , which was not surprising since carbohydrate antigens from parasites are known to induce IgM responses early in infection (26) . There was also no significant difference in anti-PfGPI antibody levels in malaria-infected women who delivered prematurely and at term.
DISCUSSION
In the present study, the malaria infection status of the women and the levels of anti-PfGPI antibodies were evaluated only at the time of delivery. The prevalence of malaria peaks around the 12th to the 16th week of pregnancy (20) . It is therefore plausible that in some women who may have been infected with malaria early in pregnancy, the anti-PfGPI antibodies that were induced helped prevent pathology, and then antibody levels waned before delivery, since it was recently reported that the human immune response to P. falciparum GPI is transient (6) . Thus, a role for anti-PfGPI antibodies in conferring protection against placental malaria cannot be totally discounted. However, the results presented herein fail to provide evidence for a significant role for anti-PfGPI antibodies in conferring protection against chronic placental malaria infection and poor birth outcomes. The association between placental malaria infection and increased levels of anti-PfGPI IgM and IgG antibodies in pregnant women may simply be due to antibody boosting that has been shown to be dependent upon exposure to antigen (10) .
Maternal humoral responses generally remain unaffected by pregnancy (19) . In the present study, a significant decrease in both the prevalence and levels of anti-PfGPI IgM antibodies was found in noninfected pregnant women compared to nonpregnant women (Table 2 and Fig. 1A) , whereas anti-PfGPI IgG responses were similar (Table 2 and Fig. 1B) . These findings are in direct contrast to those previously reported by Nambei and colleagues (25) , where IgM responses to the merozoite surface protein 1 antigen were increased among parturients compared to nonpregnant women (25) . These results demonstrate, as reported previously, that changes in IgM responses during pregnancy may vary depending on the antigen (12, 23) . Although anti-PfGPI IgM antibodies may be able to inhibit the induction of TNF-␣ (3), protection against clinical malaria is primarily mediated by cytophilic IgG antibodies and not IgM (5) . Thus, a reduced anti-PfGPI IgM response in pregnant women may be of minimal clinical importance.
The acquisition of anti-PfGPI antibodies is age dependent (10, 17) . Recently, Hudson Keenihan and colleagues (17) cited age as an important factor that influences both the quantity and quality of the IgG immune response towards P. falciparum GPI (17) . A common theme that is emerging is that children from areas of malaria endemicity usually possess low concentrations of anti-PfGPI antibodies. However, those few who are able to mount a strong response are less likely to experience symptoms of clinical malaria, including anemia and fever (17, 24) . While the protective effect of anti-PfGPI is evident in children, it is unclear if the same effect holds true for adults (17) . In the present study, the concentrations of anti-PfGPI IgG antibodies were significantly higher among pregnant women Ͼ20 years of age than among pregnant women Յ20 years old, demonstrating that anti-PfGPI antibodies do increase with age. Since multigravidae are generally older than primigravidae, it was not surprising to find that multigravidae also possessed significantly higher concentrations of antiPfGPI IgM and IgG antibodies than did primigravidae (Table  2 and Fig. 2) . Indeed, results from the logistic regression model identified maternal age and placental malaria as the only significant factors to influence the level of anti-PfGPI antibodies after adjusting for other variables.
In summary, our results indicate that placental malaria boosts anti-PfGPI antibody levels and that anti-PfGPI antibody concentrations increase with gravidity and age. These levels, however, did not correlate with placental TNF-␣ concentrations, placental pathology, or pregnancy outcomes. Thus, while anti-PfGPI antibodies may have a clinically significant role that has yet to be identified, these results do not provide evidence that they influence events that lead to malaria-associated poor birth outcomes.
